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DIRECT FISSILE ASSAY OF RIGHLY ENR1CHED UFg USING RANDOM

SELF~INTERROGATION AND NEUTRON COCINCIDENCE RESPONSE®

J. E. STEWART and H. O. MENLOVE, Los Alamos National Laboratoiy
Group Q-1, MS B540
Los Alavnos, NM 875453
(565) 667-2166

ABSTRACT

A_new nondestructive method for direct assay of
233y mass contained in Model SA uranium hexa-
fluoride (UFg) product storage cylinders has
been successfully tested in the laboratory and
under fleld condirione. The technique employs
passive neutron self-interrcgarion and uses the
ratio of coincidences-tc-totals counts as a
measure of bulk fissila mass. The accuracy of
the method 1s 6.8 (17) based on field meas-
urements of 44 Model 5A cylinders, 11 of which
vere either only partially fillei or contained
reactor return material. The cylinders con-
tained UF, with enrichments from 5.96% to
97.62. Count times were 3-v¢ min depending on
235y pass. Slgglol ranged from below 1 kg to
over 16 kg of 235U, Because the method relies
primarily orn fast neutron self-interroge ‘-n,
complete sampling of the UF, takes place. . is
feature alleviateg inhcmogeneity problems and
cffers 1increased assurance of the presence of
s:ated amcunts of bulk fissile material as com-
pared vith current verification methods.

INTRODUCTION

Fot safeguards and accountability of hi}hly
enriched uranfum (HEU), determination of 433y
mags I : uranium hexafluoride §UF53 is required.
For AEU ienrickments 220X 235u), the UFg f1s
stored {n Mcdel 5A cylinders that a e nominally
128 mn Iin diameter and “9]14 mm ta'l isee Fig.
1). Typical UFg f1l1 heights are 300-400 ma.
These containers, holding material of high eco-
namic ard strategic value, are used for the out-
put ot enrichmint planta and for the input to
fuel fabricetion facilitien.

The cnnvention-l nondestructive method!
for meamuring 23%y enrfchment of UFg In 3A cyl-
inlers emrloye the enrichment principle. The
18t -kaV gamma rays from 2% recays are countad
using Nal or gersan{.um detectors. An uvltrasonic
measurement of the cylinder wall thickness
(6.4-mn Monel or steel) s made to correct for

Buark supported by the U5 Department of Fnergy/
Office of Rafep.ards and Becurfty.

Fig. 1. UFg cylinder Madel SA: photagranha and
general data.

variations (n pgamma-ra attenyatfor {n tte
valls. The meanured 230y enrichment, the net
UFg weight, and the purity (L.aniop weight frac-
tion) muat be combined to yleld <37 mama. Thin
tvpe cf measurement hau the disadvantage that
only the enrichment of the eurface layer (<1l
mm) 6i he UF, 1s sampled. Hence, the bulk of
the material fn the interior of the cylinder ia
not verified. Also, fnacturacies can result f
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the 235y enrichment 1s not homigeneous. I1f the
uranium has been irradiated in a reactor, it may
contain levels of technetium that reduce tiie
signal-to-background ratio of the gamma-ray en-
richment measurement and ther.fore limit its
precision.

Gas-phase sampling or the cylinder contents
golloued by mass spectrometr’c determination of
<3y enrichment can also be biased by inhomo-
gene'ties such as layering.

This paper describes a nev psssive neutron
assay technique that directly samples the entire
UFg volume of Hodel_&{ product storage cylin-
ders to determine 235U mass. This paseive
technique, based on self-interrogaticn and co-
incidence counting, was identified after tesring
snd evaluating both active and passive applica=
1ions of the neutron Coincidence Collar.
S-bsequently, the method was tested using the
Ac:{ve UWell Coincidence Counter (AUCC)3 in rhe
passive mode, the Dual Range Coincidence Countrr
(DRC-),“ and the High-level Neutron Coincidece
Countar (HINCC).5 The first field test of the
the merhod was conducted at the Goodyear Atomic
Corporation (GAT) Gaseous Tiffusion Plant (GDP),
near Pikeaton, Ohio, using a high-efficicncy AWCC
in the psssive moce.

The new method owes its simplicity co the
unique neurronic properties of UFg containing
HEU and the ability of the shift-register coin-
ci{dence circuirry to {sclate time-..-related
events from rhcse occurring randemly in timse.
Variaticns in cylinder wall thicknrss or the
presence of reactor-return material do not sig-
rificantly affect remults. Variations in fill
height and UFg Jlensity do sifect the measure-
ment, and a correction was developed that amini-
mizes theme effects. The correction 1is deter-
mined by changing the neutrcn reflectivity (al-
bedo) >f the mample cavity with a removable cad-
mium liner.

Measurement Prin-iples

Intrinsic reutrcen produ-tion 'n_UFg con-
tnlnln! HEU s dominated by 1YFir n)’<Na remc-
ticne; thege are primarily due to Dy alpha
deraya. Uranium-23R {g the dominast eource of
spantanecus fims{ion reactions In uig containing
HFU. Spontanenus fiasions, howvever, account for
only 1.11 of _..s tntal .aeutron production ar 20X
enrfchment, 0.2351 at 30X enrichment, and only
G.01X at 987 enricrment for typical UFg from
a diff-afon cancade. Figure 2 is a plot of spe-
cific neutroen production in UFg ve 23% enrich-
mant for & diffusion (aacade. For solid UFq, a
thick-target model of neytion produc* ‘on 1is ap-
plirable as oppomed to the thin-tar_et model
noceasary for low-denaity UFg gas.
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Tig. 2. Neutron production In UFg vs enrich-
ment. Contributlcns from (a,n) reactiong and
spontaneous fissicos are ehowrn geparately.

Passive (X 0} neutrens born In UF, @Ay
induce fimsions before bcing captured or nscap-
ing the cyiinder. These iisnrions occur predami-
nantly tn 2330 bue may alme o-cur in <38y fcr
neutron ererg‘es above 1 MeV. Figure
plcts of calcui-tionw of EJAUFﬁ neutron d
apectra, assomitg two models for 22Na  laevel
branching. These spectra are “mofrer’ thar in-
duced-fission spectra ond are furthter scfrened
by neution scattering in the UF, mample and de-
tector matrix material (polyethyi.ne).

Because the shift-register coinciden s
electronics logic” weasures the time-correlaced
events. tha passive (u,n} reutrons do not con-
tribute directly tvo the roincidence count rate
aince they occur randomly in rtime. However
they contribute indirectly to coincidence re-
aponse by inducing fissions that yleld prompt
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neutrons in bursts of 0-8. Uraniun-238 sponta-
neous fissions make & small (and correctable)
direct contribution to the measured coincidence
response.

Several years ago, calculations were re-
ported? that gave the neutron leakage per
source neutron for bare Model 5A cylinders con-
taining UF, at five enrichments (20, 50, 80,
93, and 97.5%) and two UFy, wasses, 10 and
20 kg. Results of these calculations are
plotted as a functinn of 235 mass in Fig. 4.
The calculations assumed all passive (a,n)

neutrons had an initial energy of 1 MeV because
thick-target emissfon spectrs as shown in Fig. )
were no: available. This {is not expected to
significantly alter rcsults of the calculations.
For the purposes of this peper, Fig. 4 has three
{mportant features! first, {induced fissions
account for a significant fractfon of the neu-
tron leakage from the cylinders; second, this
fraction {s nearly proportiona: to finsile mass;
and third, the half-full cylinders are more
highly multiplying than full ones containing the
same UFg mass. These calculations were made
without any material surrounding the cylinders.
They therefore give an indication of the magni-
tude of the induced-flesion rate caused by neu-
trons that have not escaped the cylinder.

-
1 1.
Neutron Energy ?hev)

Calculated neutron production epectrs

1 LI T

25

for the 234yp; (a,n) re-

The passive (0,n) neutrons and their in-
duced-fission progeny produce a leakage neutron
current from the UFg srople into the thermal
neutron well counter. These instruments typi-
cally contain concentric rings of J4e propor-
tional counters in a polyethylene matrix. A
fraction (albedo) of the neutron leakage is re-
flected back into the UFg cylinder with a
shifted energy spectrum. The spectral softening
is due to neutron collisfons with hydrogen nu-
clej bound in polyethylene molecules. Because
the returning neutrons have lowered energles,
they are lesus likely to induce fissions in 218y
and more likely to induce fissions in 235y,

Self-interrogation then refers to fisslon: {in-
duced by (a,n) self-source neutrons before
being captured or escaping the cylinder (see

Fig. 4) {n addition to fissions induced by re-
turning neutrons whose average energy is lower
than upon eacape from the UFg cylinder,

With a Model 5A cylinder {n a thermal neu-
tron well counter and with a cedmium liner for
the sample cavity, reflected neutrons with en-
ergies below 0.25 eV (thermal neutrons) do not
contribute to melf-interrogation, whereaas with
i1t they do. Thermal, or r’ ow, neutrons do not
penetrate deeply {nto UF;, containing REU. The
diffusion length L {s defined as the average
root-mean-square distance at which a plane
source of thermal neutrons is reduced by @&
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Fig. 4. Calculated neutron leakage per source
neutron for UF; at fiv: enrichments and two
fill heights,

factor of e rela ive to init{al intensi‘y. In
solid UFg, L 18 4.4 mm at 20X enrichment 1.9 am
at 50X enrichment, and only 1.0 mm at 97X en-
richment. Returning therual neutrons, there-~
fore, produce an {induced-fission crincidence
cesponse inaicative of ounly the wurface layer
of UFg next to the cylinder wall. However,
sccond-generation fission spectrum neutrons pro-
duced in the surface layer are energetic enough
to penetrate to the intericy of the sample.

Normally, two measutements are made: one
with the well liner {n place and one with it
removed. The s~cond measurement {s mads ¢t
derive a correction for the 1iret., The correc-
tion {s umed to remove effects of UFg 2111~
height variatione.

The neutron coincidence count rate R is a
measure of the induced-fission rate and thus the
3 mass in the sample. The {nduced-fission

rate is directly proportional to the (u,n)
source strength S of the sample. Also, the
total neutron count rate T is directly propor-
tional to S. Because S is known to vary with
enrichment and irradistion history of the sample
uaterial, a signature independent of it is de-
sirable. WYe chose, therefore, coincidence count
rates divided bg totals count rates as a passive
signature for 350 mass. A swmall correction
is made to colncidence rates resilting from
spontaneous fissions in .

Laboratory Measurements

To test a variety of cechniques for fissile
assay of UFg in Model 5A cylinders, initial
measurements were made at Lcs Alemos National
Laboratory using the neutron Coincidence Collar?
in both active and passive modes. The contents
of the Los Alamos cylinders are described in
Table I. Each cylinder contains aprroximately
the same uranium mass, but the enrichments vary
widely. Data on Mode) 5A and other standard
United States UFg cylinders can be found in
Ref. 10.

TAELE 1

DESCRIPTION OF LOS ALAMOS MODEL 5A
UFg CYLINDERS

UF6 235U v 235U
Trew (k) (wtD)  (kg) (kg
1 22.262 19.94 15,031 2.997
2 20,449 46.80 13.793 6.455

[

22.621 97.67 15.224 14.869

In the active mode, the collar employs an
external AmLi osoirce that produces random aeu-
tcons (not time correlated) with an average an-
ergy of V300 keV. These external source neu-
trons are slowed in the polyethyiene matrix be-
fore interrogating the cylinder. The wmource
used for these studies was MRC-7) with a yield
of 4.67 x 105 n/s. This yield {is approximately
four times the maximum passive (a,n) yleld of
the cylinders. In the active method, we simul-
taneously measure the coincidence rate R and
totals rate T using the Amii nource to drive the
fission reactions. The AnLi source {a then re-
moved from the system to measure the passive R
and T values from the UFg. The net coincidence
rate is used for fissile assay and the totals
rates are uvecd to correct the coincidence rates
for deadtime effecis. For active mode measure-
ments, the Ccincidence Collar was configured
around the Model 5A cylinders, as shown f{n
Fig. 5.



Fig. 5. Neutron Coincidence Collar (active
mode) surrounding a Model 5A UFg cylinder.
The external AmL{ interrogation source rests on
{ts polyethylene holder.

In the passive configuration of the collar,
the pclyethylene block housing the AmLi source
is replaced by a fourth bank of ei{x polyethyl-
ene-moderated JHe counters. For the passive/
active mode or self-interrogation measurements,
the cylinders were centered i1, the sample cavity
as smhown in Fig. 6. For both active and pas-
sive/active applications of the collar, meanure-
ments were made with and without a cadmium liner
for the cavity.

The frllowing techniques tor fissile aosay
were tested using the c.llar.

Active (External Aali)
e Net coincidence; epicajmium (8Rcy)

® Net co’'ncidence; no cadeium (8Ry, cd)

Paasive/Active (Self-interrogation)

e Normalized coincidence; epicadmium
[(R/T)cd]

o Normalized coincidence; no cadmium
{(R/T)no cdl

o Normalized net coincidence; thermal
neutron return (8R/Tnho cd)

Fig. 6. Neutron Coincidence Collar (passive
mode) surrounding a Model 5A UFg cylinder. A
fourth bank of polyethylene-moderated e
counters replaces the AmlLi source assenbly in
e pasaive wode.
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The results of initial laboratory messuresents
indicated vinbil%ty of all the above zechniques
for measuring 235y coatent of Model SA cylin-
ders. Each of the wmethods resulted in wmono-
tonically increasing response as a function of

U wmass. Featuies of the various methods
are compared in Table 11. The precisions quoted
in Table II are due to counting statistics only.

Table 11 allows an intercomparison of tech-
nicues with regard to counting precision, and
the simplicity and length of the measurement
procedure. In order of preference, the tech-
niques are

1. (R/T)cd passive
2. (R/'r)no cd passive
3. (AR)Cd active
4. (AR)no cd active
5. (AR/TCd - passive

The first two passive techniques proved re-—
11able signatures for bulk 235y mass and are
preferred over active methods primarily because
of simplicity. The last passive technique lacks
penetrability for bulk assay, but a related sig-
nature proved useful for fill-height corrections
to field seasurements.

Using only the (R/T)cq4 woethod, further
cylinder measurements wrre made at Los Alamos
using the HLNCC, the DRCC, and two versions of

the AWCC in the passive mode. A schematic of
the two-ring AWCC (active wmode) is shown in
Fig. 7. The three~-ring AdCC uses 60 3e tubes
in three concentric rings in a polyethylene ma-
trix. Compared with the two-ring AWCC, it has
a higher efficiency and a smaller diameter cav-
ity. Figure 8 shows mecsured values of (R/T)cq
ve 2350 mass obtained using the four well count-
ers. These plots have been corrected for the
small 238y contribution to R. This correction
is X of the induced-fission signal for the
20X~-enriched sample, 11 for the 50%-enriched
sanple, and 0.01% for the 98%-enriched sauple.

The differences in the slopes of the plots
for the four instruments are due to d.fferences
in counting efficiency and coupling between sam-
ple and detector. (R/T)cd is directly propor-
tional to the counting efficiency and increases
with the fraction of returning neutrons inter-
cepting the cylinder. Based on the results of
the laboratory intercomparison of the four wcll
counters, the three-ring AWCC in the psssive
mode was determined to have thte best combination
of efficiency and cavity size for field measure-
ments of Model 5A cylinders.

Piketon GDP Exercise
$ “laboratory measuremeits that
fdentified optimum choices of counting technique
and {nstrument, arrangements were made for the
first field exercise at the GAT GDP enrichment
faciliti{es near Piketon, Ohio. Before shipment
of the three-ring passive AWCC (henceforth known

_ sluply as the PWCC), the fixed cadmium liner was

TABLE 11

COMPARISON IN FEATURES OF COINCIDENCE COLLAR
MEASUREMENT METHODS FOR MODEL 5A UFg CYLINDERS

’ “Passive TActie
Feature WMy (KMo cq MWy Bligg B0 ¢y
AnLi source No No No Yee Yes
Cadmium liner change No No Yes No No
Uranfum-238 correction Yes Yer No No No
No. measurements” 1 1 2 2 2
Preciston of 23y 0.6 0.5 2.0 1.1 0.9

measurement (!)b

2Measurements of 1000 s.
bltem 3 (97.67% entichment).

Heanq;gggy}_jg;hpjﬂgi



CH, B
Am-1Li sOURCE orF =
wotd “1"" S {‘ '
‘Ne TUBES B '*;; ¥y 7 P i
sameis caviry . [ ) _g 4 j % 1
A HIY ‘1 . -‘-ﬁ N \ 737 mm
Nk - | 14y . J !
:,Lﬂ - ' ‘
i M |
Am-L| SOURCE _:‘L..i oy Co —e—:‘,_._;s ’ | .
T ! '
o RN
. , [
Sl BRI ' l
. X 1
e ~ °
L+’“l~.f:;;;:;iigj‘ |
‘l u‘ - '-.—I . l

Fig. 7. Schematic of the AWCC Model II. Th!s
unit has two rings of 3He detectors. The unit
used for fleld measuremcnts has three rings of
detectors.
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Fig. 8. The passive (R/T)cq signature va 235y
mass for laboratory measurements of three Model
SA cylinders in four separate thermal neutron
coincidence counters.

replacad by one that could be easily removed and
inserted. The capability to measure both R and
T with and withont the liner would be desirable
to interpret results obtained with partially
filled cylinders.

For a 252¢f neutron source placed 1in the
center of the cavity, the efficiency of the PWCC
i8 V402, This is compared with the two-ring
AWCC at V30X, the DRCC at 212, and the HLNCC
at 12%.

Figure 9 is a photograph of the PWCC with
a Model 5A cylinder in the cavity during the
field exercise at GAT. The electronics unit
used with the PWCC is identical to that used
with the HLNCC.® The unit contains high- and
low-voltage power supplies, six amplifier-
discriminator 1lines, a wicroprocessor, and

Fig. 9. Field photograph of the three-ring AWCC
during a passive mcasurement of a Model 5A UFg
cylinder.
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lhift-regiutera coincidence logic. The unit g
interfaced directly to a Hewlert-Packard HP-97
programmable calculator. The microprocessos is
used to read out the sun time, total counts,
real-plus-accidental coincidence counts, and
accidental coincidence counts Into the HP-97.
A szecial Aata reduction program for the HP-97
vas prepared for “he exercise.

A total of 53 cylinders was measured at the
average rate of 4 to 5 per hour during 2.5 days
at GAT. These included four small Model 15 sam-

ple cylinders. These measureaents were made to
calibrate UFg and UQgF7 neutron ylelds for cas-
cade holdup surveys. Omne Model 5A cylinder con-
taining 0.71} (normulg enrichment UFg was meas-
ured to verify the 238y correction determined at
Los Alamos. Four cylinders were measured only
with the cadsium well liner in place. The re-
maining 44 cylinders were measured both with and
without the liner. These are listed in order
of messurement in Table III along with tag assay
values, masses of UFg, uranjum, and . Spe-
cial features of the cylinders are also noted.

TAMLE 11X

LIST OF CYLINDERS ASSAYED AT PIKETON GASEOUS D1FFUSION PLANT

or

Tag Aesay

233

6 ) u
Cylinder L(xg) (kg) gggg»”’oz (k) _Special Features
15 22.892 13.4%7 26.19 4.048 R(T¢)
2M 23.721 16.012 .78 5.084
IN 24.330 16.543 37.61 9.332
o 24.8%9 16.730 97.26 16,272
M 23.700 15.960 76,78 12.234
6N 2).2)% 13,649 82.59 12.92%
™ 24,964 16.802 97.26 16.342
3N 24.700 16.645 60.04 9.994
1), 23,639 13.948 66.67 10.63)
104 22.046 15.421 22,22 3.427
118 22.73¢ 1332 .19 14.206)
128 21.080 14,218 48.03 6.94)
1M 26,737 16,673 72,81 12.141
144 23.92% 16.130 36.13 9.087
154 16,119 10,484 26.97 2.870 P(69%)
168 24.702 16,647 60,04 9.99%
1™ 9.780 6.591 72.8% 4,002 PA2Y)
18M 22.3)8 15,027 9).22 14.008
194 24,044 16.2% 26.44 4.29)
0n 2).864 16.11) ».%0 5.398
1M 24,016 16177 79.04 12.78¢
228 2).92% 16,124 73.10 11,787
23M 25.008 16.A30 97.20 16.3%9 A
24N 24,262 16,333 72,93 11.9%
25M 23.46) 13,826 54,62 8.644
26M 3.9 15.919 91.2) 8.1%8
2Mm 2).910 16.108 1%.97 12,842 A
284 20.362 13.00) 20.)9 2.0
293 21.119 14,268 5,96 0.831
b1e] 24,350 16,397 89.2) 14,031
s 20, 8 14.,0A4 93,63 13,40
328 12./99 13,392 26.%) 4.08) R{T,)
)38 24,170 16,318 37.%2 6.1 NMTe)
Jig 17.9%0 12.10) 50.30 7.0%? R(T¢) R(234),P(761)
I 21.39Y 14,418 73.1, 10,942 A
Jom 22.328 13164 97.62 14.003
7 23.830 16,038 97.26 13.399
pLL) 24,559 16,928 ”.n 18.07?
NN w7 16 .3V 97.28 16.087
AOM 6.72) 4331 7912 Y. 084 P(29%)
Als 1).707 .93 12,04 1.0 P(63T)
a2) 1).86%) 9.11) 24.04 2.21% P(382)
(3 1) 13,0064 15.978 3.9 3.783
AAN 24,494 MY 37.00 9.3%9
Bpecis) feature codest
R(T.) - rejoct code for T, > 1.3 ppp vranium,

R(214) - refect code for abnormal
P(X)) - partielly fi)lled cylinder (XX full).
A - analyeis regquested, outliar,

M~ Monel eylinder.
8 - elgel cylinder.

U concentretion.



The 1ist 4ncludes cylinders only partially
filled, reject cylinders with high concentra-
tions of the fission product technetium (T.)
and cylinders that gave discrepant responses for
no apparent reason. The three cylinders in the
last category we labeled outliers and analysis
has been requested. Of the 44 cylinders listed
in Table III, 3 have high T, and 6 were par-
tially filled. One cylinder (34S) shared both
features as well as having abnormal 23 con-
tent. The remaining 35 we called full, although
their UFg masses varied from 20.6 to 25 kg.

The PWCC was located in the rear of the
vault building where Mocel 5A cylinders are
stored. Cylinders were lowered into the counter
using a fork-lift truck modified for cyliuder-
handling operations. Typically, a wmeasurement
vas oade first witho:t the cadmium liner; the
cylinder was raised while the liner was in-
serted, the cylinder was lowered, and another
measurement was started. Figure 10 is a photo-
graph of a measurement in progress.

Count times for the two measurements were
"2 min fpr hip: fissi{le mass samples and “6 min
for low <”°U mass samples. Cylinder-handling
operations typically required approximately the
sane tine as for counting.

Figure 11 dimplsys ceal coincidence counts
(reals) divided by total counts (totals) with
the cadmium well liner {in place plotted vs
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Fig. 11. The passive (R/T)gq signature (uncor-
rected) vs U wass for field measurements of
44 Model 5A cylinders. The solid curve is an
unwefghted least squates cubic polynomial fit to
the data.

Pig. 10. Field photograph showing the three-ring AWCC dur-
fng a pasnive meauntement of a Model 35A cylinder suspended

by the cylinder-handling truck.
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stated 2351 mass. The reals have been cor-
rected for 238y spyontaneous fission contribu-
tions and ths totals have been corrected for
vault background. The correction was a
constant 19.8 counts/s for all measurements.
This value was obtained from laboratory measure-
ments of depleted uranium metal cubes and agrees
well with the value obtained using the normal
enrichment cylinder at GAT. This correction {s
actually dependent on 238y mass 1in the sample,
but the correction is relatively so small at
high enrichmenta that the constant value taken
for s 20X-enrichment cylinder (full) is adequate
for other cases. “"he vault totals background
varied from 80-150 .ounts/e during the exercise
and was frequently updated during remote cylin-
der-handling opers-fons.

Random errors (t1J9) 4in measured quantities
are indicated in Fige. 11-16 by the size of the
circles. Excellent reproducivility was uvbtained
for repeated measurements. Also, with a cylin-
der centered in the sanple cavity and with the
same cylinder touching the cavity wrll, essen-
tially the name results were obtained.

The labeled points of Fig. 11 correspond
to the special feature codes of Table III, that
is, P stands for partial fille, R stands for
reject cylinders (for example, with high T.),
and A stande for outliers on which snalysis will
be done. Meacured values of (R/T)cgq for 44
cylinders were fitted with an unweighted, least
squures cubhic polynomial that is ehown also in
Fig. 11. The partial-fill data points all 1lie
above the fitted curve of Fig. 11l. This {s be-
causa a given U mens contained in a par-
tially filled cylinder will result i{n a higher
lenkage multiplication than the same nan
in a full cy'inder. Figure 4 displays this ef-
fect well. Uranfum-235 mass denaity and sample
geometry ave the two key parameters determining
nanmple multiplication. Because (R/T)cq fa a
measure of aample multiplication, the partially
filled cylinders have h(’her response than full
cylinders for the same ) mass. The reject
cylinders that are prohlema for Nal eunrichment
meanurementa are not chvious probhlems with the
(R/T)cd technigue, Figure 1) alao displays
afgnificant scatter in the data points for the
high-mans eamplea that is not due to counting
statimtice. The f{tted curve {a nearly linear
from 2-ib kg 2330, but for the lYigher wmcus
aamples, multiplication effects bhecome wmore
pronounced,

FPigure 12 diaplaya wmeasured values of
(R/Thho cd Plotted ve I50 tag manves as vell as
the cublc polynomial fit to these data. Com-
pared with the (R/T)pg data, the partial fille
would be more accurately ansayed using the

ol .2 1. L0 4 den
° 2 ) . » 0 2 14 1%
V=238 (ag)

rlg. 12. The passive (R/T)yo g4 ®ignature vs
2330 nass for field wmeasurementa of 44 Model
*A cylinders. The so0lid curve is an unweighted
least squares cubic polynomial tit to the data.

(R/Thho cd fit, but the scatter in the h.gh-
mass sample data is nearly the same for the two
signatures.

Figure 13 {e a plot of the difference in
reals rates (with or without cadmium liner) di-
vided by the totals rate witn cadmium, The plot
fa included for {llustration only because it
displays response to thermal neutron ilbedo and
is roughly proportfonal to the aurface area of
the sample. The eignificant feature of Fig. 1}
fa that the partial-fill data pointa all e
helow the fitted curve except for one point.
This ts consfatent becaume the partial filla all
have emaller sample surface arcaan than the full
cylindern, TFigures 12 and 17 exhibit the ef-
fectn of aample self-nhielding in the lower 1%y
maug region and the effecte of mauple multipti-
catfon in the high-mass region., Theae name fea-
‘urew are known from active applicatfons of the
AN(CC.

Another signature of finterest, Rey/AT,
{s plotted tn Pig. 14, The measured quantity AT
fo the differsnce in totals vates hecaune of the
cadmium liner. Reg/AT fs Inveraely proportional
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Figx. 13. The passive OR/Tcq wignature va 233y
wass for field measurements of 44 Model 3A cy.i-
{nders. The eolid curve {ir an unweighted
least squares cublic polynomial fit to the data.

to the sample surface area and directly propor-
tional to the mample coincidence multiplication.
The Reg/AT indicator has the interesting proper-
ty of magnifying the deviations of the partial
ftlle and outliers from the straight-line fit.
This featurs suggented Reg/AT for use in » cor-
rection algorithn for the {R/T)c4 data. Several
forma of correction algorithme were considered,
but the one found moat effective han the form

k Red
n AT '
Tea

C =1 -

where CF representm the corrvectfon for applica-
tion to (R/T)eg #'mRnature data and k and n are
empirical conatants, Teq s plotted va 233y
mass fn Fig. 13, Values of k and n were deter-
mined by minimizing the standard deviation of
differences {n tag 3% mannes and assay values
determined from fitted curves through the cor-
rected (R/T)zq valuss. The “"bast” velues of
k and n were found to bs 8.0 and 0.23, respec-
tively, umsing an fterative procedure.

Lor
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Fig. 14. The passive Rca/BT indicator ve 233y
mass tor field meaaurements of 44 Model 3A cyl-
inders. The solid line is s linear fit to the
data.

With the chosen form of the correction fac
tor, both R and T are measured with the cadmium
liner in place, and only the totals rate s re-
quired with the liner removed. For the cylin-
ders of Table I1I, totals rates (no cadmium
1iner) varied between 1800 and 85 000 counta/s.
Thus, the form of the correction factor chosen
minimizes counting time becaune the no-cadmium
measiroment need require only a few seconds as
a repult of the high totals rates. Generally,
the precisfon of the Rcy meanurement will domi-
nate the preciaton of CF * (R/T)cqd.

Cortrected values of (R/T);q aignature data
are plotted in Fig. 16, VWhen these data are
compared visually with those of Fig. 11 {uncor-
rected (R/T)cg data), mwuch lenn acatter {n ovi-
dunt. Table IV {s & quantitatfve comparison of
§§§T)“° cd and  corrycted (R/T)cq signatures for

I ansay., The correction algorithe {mproved
the annay accuracy (lu) from 10.6X to 6.8%, or a
factor of 1.6. Also, the algorithm markedly im-
proved accuracy for partial filles and high-mans
samples, Tahle IV applies to all A4 cylinders
meanured at GAT, both with and without the
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SA cylinders. Th: solid curve f{s an unweighted
least squares cubic nclynomial fit to the data.

TABLE 1V

COMPARISON OF ASSAY ACCURACY POR THREE SELF-INTERROGATION
STGNATURES OF 233U MASS IN MODEL 5A CYLINDERS

AA..

signature Ao A o M
(l/T)Cd ~3.,38411 E-01 1.06083 E+00 9.93987 §-02 ~6.53091 K03
(R/'l')“o cd ~6.73982 E+00 2.0281B F+00 «4.76277 E-02 2.89142 E-04

CF * (R/T)Cd 8.44352 £-0) ~6.49284 Fr-01 9.13669 E-01 -7.28%69 E-02

"M owa

+ AR+ A x2 + A xj.
295, 70 A T
M ="""U a nrayed mans,

x = signature.

° 2 ‘ ¢ o © 12 " 6 U-23% (ko)
U-238 (hg)
FPig. 16. The corrected, passive (R/T)cq signa
Fig. 1%. Total count rate (with cadmium liner) ture vs U mass for field measurements
ve 233y mase for field measurement. of 44 Model Model 5A cylinders. The solid curve {s an un-
weighted least squares cubic polynomial fit to

the data.



cavity liner, that {s, U4 represents one stan-
dard deviation (relative) of the differences in
assay and tag values for all cylinders. Table V
shows relative Jifferences in assay and tag
values for problem cylinders, that is, partial
fills or those with reject codes. Assay valuss
vere determined using the CF * (R/T)pq cali-
bration curve. The standard deviation of rela-~
tive differences between asssy and tag values
for problem cylinders is 9.8%. The pcrtially
filled cylinrder assays wWere not a3 Aaccurate as
tuose for the reject cylinders that have been
difficult to assay using the Nal/enrichment
meter technique. Generally, however, the czssay
sccuracies for problem cylinders were nearly as
good as for the 44-cylinder population as ¢
whole.

Conclusiona

The feas1bility of a new technique for di
rect fissile wass verificatinn of UFg containing
HEU using random source self-interrogation and
neutton coincidence response has been success-
fully demonstrated in the laboratory and during
the first field test. The corrected (R/T)ca
signature is the most accurate of those evalu-
ated. This signature ylelds verification of
bulk 235 mass 1in the UFg sarple within only a
fev winutes of counting without the usu: of an
extcrnal interrogation source and with an assay
accuracy of 6.8% (10). The passive (R/T)(4 sig-
nature method is the first nondestructive assay
technique able to ver{fy the entire bulk fissile
msss in & Model 5A cylinder. As euch, it should
be used in conjunciion with gamma-recy enrichment
measurements for routine verifiration of product

TADLE V

ASSAY ACCURACIES OF "PROBLEN" CYLINDFRSE

Cylinder Bpecial Pestures® ‘ - A.";_A.HT‘.{ (2
by } I(Tc) +3.7
154 P(691) -1.2
1 P(a2X) +21.9
Y N 1
i3 1 MT) 40,2
Jis I(T“).I(Ilﬁ).'(t'bl) -3.7
AOM P(2VY) +8.2
(3% ) P(613Y) ~0.7
a2 rvax) +21.9

§ =1.02
oy~ v.n

Shefined fn Table 111.

storage cylinders. The neutron and gamma-rsy
methods together provide a much wore powerful
verificataon tool than either vethod alone.
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